Terrestrial soils are net mercury (Hg) sinks, but leaching of Hg from upland environments 25 constitutes an important source to downstream wetlands and water bodies. Broadly, hydrology is 26 instrumental in facilitating Hg transport within, and export from watersheds but the relative 27 influences of specific hydrological factors such as antecedent soil moisture and precipitation in 28 controlling the transport of Hg through upland soils are not well understood. The purpose of this 29 research was to elucidate the relative controls of these hydrological factors using a full factorial 30 laboratory experiment involving the application of an enriched stable Hg isotope tracer to intact 31 soil cores. Antecedent soil moisture and precipitation input depth were statistically significant, 32 mutually exclusive controls on tracer Hg mobility. Neither factor however had a strongly 33 significant influence on the mobility of ambient Hg. Tracer Hg mobility was enhanced with 34 larger precipitation events as well as from initially drier soils and appeared to move via simple 35 piston flow. The majority (>99.5%) of added tracer Hg was sorbed to soil organic matter in the 36 surface 3 cm, regardless of the hydrological treatment combinations. Overall, these results 37 suggest that tracer and ambient Hg are differentially controlled by hydrological conditions. 38
Changes in hydrology may have little impact on ambient Hg mobilization in sandy loam soils. If 39 tracer Hg is broadly representative of contemporary soil Hg stocks, extreme precipitation events 40 (Sunderland and Mason, 2007) . In most regions atmospheric deposition is the 48 principal process delivering Hg from local, regional and global sources (Driscoll et al., 2007 ; 49 Fitzgerald et al., 1998) . Although soils are large net sinks for atmospherically-deposited Hg 50 (Gabriel and Williamson, 2004; Grigal, 2003) , the accumulated Hg also slowly leaches from 51 soils and moves via runoff to aquatic ecosystems where its toxic and organic form, 52 methylmercury (MeHg), may be produced (Branfireun et al., 1996; Harris et al., 2007) . High-53 flow events such as spring snowmelt appear to amplify the export of both inorganic and organic 54
Hg species from soils and watersheds, although the mechanisms for increased fluxes vary 55 soil frost development and spring snowmelt conditions using intact soil columns to determine the 84 potential effects of frost on carbon and nitrogen losses from forested upland soils. Undisturbed 85 soil columns have also been used to study the leaching of heavy metals such as lead, copper and 86 cadmium under different rainfall intensities (Kim et al., 2008) . Only a limited number of studies 87 (e.g. Schlüter et al., 1995; Schlüter 1996) have employed the use of intact soil columns to 88 investigate the impact of hydrological factors on Hg mobility, despite numerous advances in Hg 89
analytical techniques including the increasing use of stable isotopes as environmental tracers 90 (Björn et al., 2007) . 91 (Yin et al. 1997) . 119
Our work builds on these previous studies by adding antecedent moisture as an 120 experimental variable possibly affecting the mobility and transport of Hg throughout the 121 undisturbed soil profile, and by using new core encasing methods to avoid wall effects and pore 122 blockage that often result from polyvinyl chloride-(PVC) (e.g. Bagarello et al., 2006; Bagarello 123 and Sgroi 2008), resin-encased (e.g. Vanderborght et al. 2002) or wax-encased cores. 124
The overall objective of this study was to determine the relative influences of both 125 antecedent soil moisture and precipitation on the mobility and transport of Hg throughout the soil 126 profile. In a full factorial design we applied an enriched, stable Hg isotope to intact, foam-127 encased soil cores that had been altered for soil moisture and to which variable amounts of 128 precipitation were added. The experiment was conducted to simulate the broad range in real soil 129 moisture and precipitation input conditions observed in previous field research (Haynes and 130 Mitchell, 2012) . A pilot study, described in the Supplementary Information, was also conducted 131 in order to ensure the feasibility of using polyurethane expandable spray foam as a soil-encasing 132 material (e.g., Bagarello and Sgroi 2008) Eighteen intact soil cores were collected with a 15 cm deep and 10 cm internal diameter 138 stainless steel soil corer in the forested upland of the S7 watershed in the Marcell Experimental 139
Forest (MEF) in north-central Minnesota. The soil corer is equipped with a lever mechanism 140 which allows for extrusion of the soil core from the base of the corer tube without disturbing the 141 soil structure. Characteristic of watersheds in this area, the upper sandy loam soils of the 142 watershed's hillslope are underlain by a low-permeability B-horizon, which acts as a confining 143 layer, directing subsurface runoff as shallow interflow during high-flow events with minimal 144 seepage loss to groundwater (Kolka et al., 2011; Timmons et al., 1977) . The soil profile above 145 the clay-rich B-horizon consists of a shallow O-horizon below which there is a well-defined 146 sandy loam A-horizon (mean depth to base of A-horizon 50 ± 27 cm). Hydraulic conductivities 147 in the sandy loam of this area range from 4 x 10 -5 to 4 x 10 -6 m s -1 (Mitchell et al. 2009 ). The 148 surface 15 cm of soil in this hillslope have a mean bulk density of 1.2 g cm -3 and mean porosity 149 of approximately 37%. The upland overstory vegetation in the S7 watershed is predominately 150 comprised of sugar maple (Acer saccharum), quaking aspen (Populus tremuloides) and balsam 151 poplar (Populus balsamifera). We sampled only the upper sandy loam horizon that also included 152 a shallow (< 3 cm) organic horizon. Soil cores were collected from outside of experimental 153 hillslope plots previously described in Haynes and Mitchell (2012) , all within a 5 m 2 area in 154 order to minimize variability among cores and to allow for the most accurate assessment of the 155 influences of only the two hydrological factors in question (antecedent soil moisture and depth of 156 precipitation input). Each core was extruded in the field onto a flat wooden board. We noted no 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w Page 8 of 38 core. In comparing core depth to the cavity from which it was extracted, approximately 2% (0.3 159 cm) to a maximum of 5% (< 1 cm) compaction was observed. With the core upright on the 160 wooden board, a 20 cm long cardboard mold was placed around it and the cavity between the 161 soil and mold was filled with low-expansion polyurethane spray foam insulation (MONO brand); 162 similar to the methods of Bagarello and Sgroi (2008) between the soil and surrounding casing often occurs rather than flow through the soil matrix. A 172 separate study was conducted in order to test the feasibility of using foam-encased soil cores for 173 the study of hydrological and Hg biogeochemical processes. This is detailed in the 174 Supplementary Information. 175 176
Experimental Design 177
The soil core experiments were conducted in a full factorial design in which the two 178 manipulated variables (antecedent soil moisture and precipitation input depth) incorporated both 179 a low and high treatment level with three replicate cores per treatment combination (see Table 1 Page 9 of 38 precipitation input, the low and high levels were 50 mm and 100 mm, respectively. These valueswere selected in order to mimic the variability in snowpack snow water equivalent (SWE) levels 183 observed in a previous study (Haynes and Mitchell, 2012) in the collected outflow waters given the working hypothesis that the majority of the applied 207 tracer would be sorbed in the soil. Given the laboratory setup of this experiment, it would not be 208 feasible to apply the tracer to each of the soil cores at natural deposition rates over the course of 209 multiple years to achieve detectable isotope levels in the core outflow. Immediately following 210 the tracer addition each core was secured to a ring stand balanced on top of a wire mesh above an 211
HCl-washed glass funnel (see Figure 1b samples, most likely due to the Nytex mesh acting to filter particulates from the collected 242 outflow. Therefore, outflow samples were not filtered. Outflow samples for Hg analysis were 243 preserved with 0.5% trace metal grade HCl, stored in darkness and refrigerated until analysis, 244 which was within one month of collection. Once outflow from the core had ceased, each core 245 was cut vertically into two equal parts and the soil from each half was sampled in five 3 cm 246 depth intervals (0-3, 3-6, 6-9, 9-12, 12-15 cm). Soil samples were immediately frozen and then 247 lyophilized prior to analysis. 248 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Hg'. For water samples, recovery of an ambient total mercury spike was 97 ± 9 % (average ± 263 standard deviation, n = 11), replication of duplicates was 6.6 ± 6.8% (n = 10), and the detection 264 limit, calculated as three standard deviations of matrix water blanks, was 0.04 ng L -1 (n = 32). 265
Replication of 199 Hg duplicates in water samples was 6.3 ± 6.9% (n = 10) and the 199 Hg detection 266 limit was 0.007 ng L -1 (n = 32). For digested soil samples, replication of ambient THg duplicates 267 was 5.4 ± 4.0% (n = 11), recovery of an ambient THg spike was 101 ± 5% (n = 11) and the 268 ambient THg detection limit was calculated to be 0.09 ng g -1 . Replication of 199 Hg duplicates of 269 digested soil samples was 9 ± 8% (n = 9) and the 199 Hg detection limit was 0.08 ng g -1 . Recovery 270 of standard reference material of known ambient Hg concentration, digested and analyzed with 271 the soil samples, was 97 ± 4% (n = 12). Total organic carbon (TOC) was analyzed using a 272 and a high sensitivity combustion catalyst (720°C). Ultraviolet absorbance of the outflow 274 samples was measured at both 254 and 365 nm using matched quartz cuvettes on a Spectronic 275
Genesys 5 UV-VIS Spectrophotometer. We used these two absorbance values measured at these 276 wavelengths to calculate the ratio A254/A365, where the ratio serves as a proxy for dissolved 277 organic carbon quality because of its negative relationship with molecular weight of dissolved 278 organic substances (Berggren et al., 2007) . Specific UV absorbance (SUVA) at 254 nm was also 279 calculated to assess aromaticity of dissolved organic substances in outflow samples by dividing 280 the absorbance at 254 nm by the TOC concentration while taking into account the cuvette path 281 length (Weishaar et al., 2003) . Loss on ignition (LOI, 550°C for 4 hours) was performed on the 282 soil samples to determine organic matter content. 283 284
Statistical Analyses 285
Prior to all parametric statistical analyses, data were tested for normality (Shapiro-Wilk 286 W test) and heteroscedasticity and were successfully log-transformed or inverse-transformed to 287 achieve normality when parametric assumptions were not met. All statistical tests were 288 performed using SAS Version 9.2 with α < 0.05. 289
A two-way analysis of variance (ANOVA) was performed to determine any significant 290 influences of, and any significant interaction between both hydrological variables (antecedent 291 soil moisture and precipitation input depth) on both tracer Hg and ambient THg outflow loads as 292 well as the proportion of tracer Hg in relation to ambient THg. A one-way ANOVA (with post-293 hoc analysis using the Tukey adjustment) was conducted on the overall tracer Hg and ambient 294
THg outflow loads to assess significant differences among treatment combinations. A one-way 295 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 to assess any significant relationships between the measured outflow variables, as well as 299 between soil tracer Hg concentrations and organic matter. The data for one replicate core in the 300 low moisture-high input treatment and one replicate core in the low moisture-low input treatment 301 were omitted from correlation matrices due to exceedingly high organic matter content in the 302 surface layers resulting from an abundance of decomposing woody debris that could not be seen 303 until cores were sectioned at the end of the study. One replicate core in the high moisture-low 304 input treatment was omitted from all analyses due to a lack of outflow production (from a 305 blockage as a result of a large rock within the core). Hg outflow load occurred in the low soil moisture -high precipitation input experiments (mean 312 total load = 341 ng; Table 2 ). The low moisture-high precipitation outflow tracer Hg load was 313 significantly greater than that of any of the other treatment combinations. The second largest 314 tracer Hg outflow load was observed in the low moisture-low precipitation experiments. There 315 was not a statistically significant difference between the tracer outflow loads resulting from the 316 two high soil moisture treatments (high moisture-high precipitation and high moisture-low 317 precipitation). Both of these treatments were significantly less in outflow tracer Hg than those 318 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (Table 2) . Similarly, the outflow tracer Hg loads resulting from the high input treatment 320 significantly exceeded the corresponding low input treatment at each level of soil moisture (p = 321 0.001). The total ambient THg loads followed the same general pattern by treatment as the tracer 322
Hg loads (Table 2) . However, the statistical significance of the outflow ambient THg differences 323 among the treatment combinations was marginal (p = 0.07). 324
According to the two-way ANOVA results, both antecedent soil moisture (p < 0.0001) 325
and precipitation input depth (p = 0.001) were significant controls on tracer Hg transport and 326 mobility through soil. The lack of interaction (p = 0.16) between these hydrological variables 327
suggested that these controls on tracer Hg mobility acted independent of one another. 328
Precipitation input depth did not exert a strong influence (p = 0.18) on the mobility of ambient 329
THg. The influence of antecedent soil moisture was marginal (close to statistical significance at 330
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Hydrological Controls on Soil Mercury Mobility 423
Antecedent soil moisture and precipitation input depth were both instrumental in 424 controlling tracer Hg mobility within the soil columns. As there was no observed interaction 425 between these factors, it can be concluded that these hydrological variables act independently of 426 one another. Ambient Hg was not significantly influenced by precipitation input. However, soil 427 moisture did play a marginally statistically significant role; one that we expect may be 428 strengthened with further experimental replication. The mobility of tracer Hg through soil and 429 its presence in outflow was greatly enhanced by the depth of precipitation applied to the soil due 430 to greater flushing. Field studies investigating hydrological transport of Hg at the watershed and 431 hillslope scales have similarly observed increased Hg fluxes as a result of high-flow rain events 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 than the high moisture-high precipitation experimental soils ( Table 2 ). Considering that the 474 volume of water in the high moisture soils was approximately 1.8 times greater than that of the 475 low moisture soils, there is no evidence that the tracer was diluted by soil water. 476
Given the caveat that the one-time 199 Hg application in this experiment was much greater 477 than natural rates of atmospheric deposition, the applied tracer in this experiment may broadly 478 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Complexation with TOC in soil may also be important when considering the mobility of 530 newly-applied, tracer Hg. Hintelmann et al. (2002) proposed that the initial mobile fraction of 531 newly-deposited Hg flushed from the system during rain events was bound to DOC. Similar 532 laboratory studies have also found that the mobility of added Hg is facilitated by the 533 complexation of Hg with dissolved organic matter (Schlüter, 1996) . In the present study we 534 observed the outflow concentrations of tracer Hg to be significantly, albeit weakly, correlated to 535 those of TOC and ambient THg only under low moisture conditions (Figure 3 ). These 536 observations suggest that tracer Hg is being mobilized from drier soils in a similar manner to that 537 of ambient Hg. Therefore tracer Hg may be mobilized as a result of complex formation with 538 TOC. The drier conditions of the low moisture soils may allow for more of the tracer to interact 539 with the surface area of the organic matter, thereby facilitating greater TOC-tracer Hg complex 540 formation. The relationship between tracer Hg and TOC in outflow runoff may also account for 541 the greater proportion of tracer Hg being mobilized under low moisture conditions as more tracer 542 199 Hg may be partitioned into the mobile, TOC-bound phase. However, there was no significant 543 relationship between tracer Hg and either of ambient THg or TOC for the soils under high 544 moisture conditions. Both high soil moisture experiments (high moisture-low precipitation and 545 high moisture-high precipitation) exhibited significant positive correlations between the tracer 546 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Overall, across all treatments, less than 0.5% of the added Hg tracer was observed in 565 runoff with the majority being retained in the surface 3 cm section of soil. This result is similar 566 to that of the field study by Hintelmann et al. (2002) , in which less than 1% of the added tracer 567 appeared in runoff over the course of one season. A significant portion of the newly-deposited 568
Hg was rapidly immobilized by equilibrating with the native pool in both soil and vegetation 569 (Hintelmann et al., 2002) . Following six years of tracer application at the same site as attributed to sorption to soil organic matter as these variables were significantly correlated. 578
Similar soil column studies using an applied Hg tracer concluded that the majority of the added 579
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